In mammals, birds, snakes and many lizards and fish, sex is determined genetically (either male XY heterogamy or female ZW heterogamy), whereas in alligators, and in many reptiles and turtles, the temperature at which eggs are incubated determines sex. Evidently, different sex-determining systems (and sex chromosome pairs) have evolved independently in different vertebrate lineages. Homology shared by Xs and Ys (and Zs and Ws) within species demonstrates that differentiated sex chromosomes were once homologous, and that the sex-specific non-recombining Y (or W) was progressively degraded. Consequently, genes are left in single copy in the heterogametic sex, which results in an imbalance of the dosage of genes on the sex chromosomes between the sexes, and also relative to the autosomes. Dosage compensation has evolved in diverse species to compensate for these dose differences, with the stringency of compensation apparently differing greatly between lineages, perhaps reflecting the concentration of genes on the original autosome pair that required dosage compensation. We discuss the organization and evolution of amniote sex chromosomes, and hypothesize that dosage insensitivity might predispose an autosome to evolving function as a sex chromosome.
INTRODUCTION
Sex chromosomes are critical in many vertebrate species for fating an embryo to develop as a male or female. All therian (eutherian and marsupial) mammals have an XY male/XX female sex chromosome system (or some variant of it), in which maleness is normally determined by the dominant Y-borne SRY gene that triggers a cascade of events leading to testis development. In contrast, birds, snakes and many lizards have a female heterogametic sex chromosome system with ZZ males and ZW females.
Because the heterogametic sex has only one X (or Z), genes borne by this chromosome are at only half the dose compared with the homogametic sex (XX or ZZ). It has always been expected that dosage compensation (DC) of X/Z gene expression between the sexes (Lyon, 1961) , and with the autosomes, was critical for life (Nguyen and Disteche, 2006) . Indeed, the imbalance in one sex of X and autosomal genes is fatal to human embryos and Drosophila larvae (Deng and Meller, 2006; Deng et al., 2009 ). Here we review characteristics of sex chromosomes and DC in amniote vertebrates, and discuss the possibility that an autosome pair might be predisposed to evolving into sex chromosomes because it contains genes that are dosage insensitive.
Y DEGRADATION AND DC
The evolution of sex chromosomes has attracted much interest over the century since Muller (1914) proposed that the X and Y evolved from an homologous pair of autosomes. He suggested that after one member of the pair acquired a testis-determining factor, other sex-specific alleles accumulated near the new sex-determining locus, and there was selection for suppression of recombination to keep the sex-specific cassette of genes together. In the absence of recombination, the Y degrades because of genetic drift (Muller's ratchet) and inefficient selection (Charlesworth, 1991) . Drift is exacerbated by the smaller population size of Ys (present in the population at a frequency only 1 4 that of the autosomes), and selection is inefficient because it acts on the Y as a whole, rather than at individual loci. Deleterious mutations could be dragged to fixation on an otherwise 'good' Y (genetic hitchhiking), and favourable alleles could be lost from the population if they arose on a 'bad' Y. The Y is also subject to higher mutation rates because of additional cell divisions in the testis. Thus, gene loss and degradation of the Y (or W in ZW systems) progressed (Charlesworth, 1991) .
This now widely accepted theory that sex chromosomes evolved from autosomes is supported by comparative genomics, which reveals that the sex chromosomes in one vertebrate lineage are orthologous to autosomes in another. For example, the chicken Z chromosome is largely homologous to human chromosomes 5, 9 and 18 (Nanda et al., 2002) , and the ancient therian X chromosome maps to the short arm of chicken chromosome 4 (Kuroiwa et al., 2002; Kohn et al., 2004; Waters et al., 2005) and the added region to part of chicken chromosome 1 (Nanda et al., 1999) . The snake ZW is homologous to chicken chromosome 2 and the bird ZW is homologous to snake chromosome 2 (Matsubara et al., 2006) . In fact, early comparisons of ZW systems in different snake families led Ohno (1967) to his famous hypothesis that they represent varying degrees of progressive W-chromosome degradation. Homologies shared by the mammal X and Y imply a similar evolutionary pathway from a pair of autosomes, and were proposed to have originated by an analogous process (Charlesworth, 1991) .
As genes were lost from the proto-Y (or proto-W), corresponding genes on the proto-X (or proto-Z) remained as single copy in the heterogametic sex, whereas the homogametic sex retained two copies. Monosomy (the presence of only one copy of a chromosome), resulting in haploinsufficiency, is deleterious in most organisms (Birchler, 2010) , and genetic interaction studies have shown that minor differences in expression levels of a few connected genes can lead to the collapse of genetic networks (Gupta et al., 2006) . Indeed, the only viable monosomic condition in humans is Turner syndrome (45 XO female). Thus, it was thought that balancing X-chromosome gene dose between the sexes, and with the autosomes, must be critical for survival.
It was hypothesized that mammal sex chromosome DC evolved by the upregulation of transcription from the single X chromosome in XY males to match expression from the autosomes (i.e., X:AA¼1), and then reduced expression from one of the two hyper-expressed Xs in females to also match the autosomes, which is achieved by X-chromosome inactivation (XCI) (Figure 1 ). Nguyen and Disteche (2006) provided microarray data that showed increased global expression from the active X chromosome in humans to match the autosomes (Nguyen and Disteche, 2006) . However, Xiong et al.
(2010) recently used RNA-seq (transcriptome sequencing) data to compare the X:AA ratio in human and mouse, reporting a ratio of B0.5 that would indicate a lack of global X upregulation and challenge Ohno (1967) hypothesis that genes on the single active X are overexpressed to re-establish equal gene dose with the autosomes. The absence of upregulation of X genes in males would obviate the need for transcriptional silencing of one X in females and admit an alternative hypothesis that, as genes on the Y lost function, the protein products of the X homologues in males evolved to function at half the gene dose. These hyper-functioning X proteins would then result in selective pressure for their inactivation on one X in females, resulting in a male:female expression ratio of 1:1 from the X.
COMPARING AMNIOTE SEX CHROMOSOMES
There are three main groups of extant mammals (eutherians, marsupials and monotremes). Eutherian ('placental') mammals (Infraclass Eutheria) are divided into four superordinal clades: Euarchontoglires (or Supraprimates), Laurasiatheria, Xenarthra and Afrotheria (Murphy et al., 2001) . Eutherian mammals diverged from marsupials (Infraclass Metatheria) 148 million years ago (MYA), and Subclass Figure 1 Evolution of the eutherian sex chromosome differentiation and dosage compensation (X-chromosome inactivation). (a) One member of a pair of autosomes (the proto-Y) acquires a testis-determining factor (TDF). Male beneficial genes accumulate near this new TDF and recombination (represented by crosses) with the proto-X is suppressed. Most genes (two represented here; brown) remain in the pseudoautosomal region (PAR) and are expressed equally from the X and Y (brown ovals and diamonds represent products from different genes). In females, the two X-chromosome pair and recombine normally.
(b) Recombination is further suppressed between the X and Y. In the absence of recombination, the proto-Y degrades, resulting in the loss of function of Y genes that can tolerate some haploinsufficiency (here represented by the gene expressing diamonds). In males, there is selection for upregulation of this gene from the single X (light green box behind the X) giving a gene dose of four. In females, the two X chromosomes express at this upregulated level, resulting in a gene dose of eight. The gene represented by the ovals cannot tolerate any decreased dosage, so is retained on the Y as a functional copy. (c) More upregulation of X genes in males occurs to restore gene dose to its original level of 6 (green box behind chromosome). In females, this gene is also upregulated on the X, which results in selection to downregulate the other X (pink box behind the chromosome). The gene that cannot tolerate dosage change (ovals) remains functional from its Y allele, but its prolonged retention on the Y gives it a chance to begin to acquire a male-specific function (light brown). (d) Further restriction of recombination leads to further degeneration of the Y and insertion of heterochromatin (grey). The Y copy of the gene producing ovals has gained a male-specific role (orange), and loses its original function. Overexpression of X genes in females (green box behind chromosome) results in complete transcriptional inactivation of homologous regions of the other X (red box behind chromosome). (e) An autosomal segment is added to both sex chromosomes (added to one and recombined onto the other), extending the PAR and contributing additional genes (gene product represented by brown hexagons). (f) Genes on the added segment are then differentiated or lost on the Y and the X copy is upregulated. The established inactivation mechanism can rapidly spread into the added region to compensate for Y gene loss and upregulation of the X in males.
Theria (eutherians and marsupials) diverged from the monotreme mammals (Subclass Prototheria) 166 MYA (Bininda-Emonds et al., 2007) . Taken together, birds (part of Archosauria) and lizards/snakes (part of Squamatidae) comprise Sauropsida. Sauropsida and mammals comprise amniotes, which radiated 310 MYA (Kumar and Hedges, 1998) (Figure 2 ).
Eutherian sex chromosomes
The human X chromosome bears 1669 genes (http://www.ncbi.nlm.-nih.gov) and is B155 Mb, representing about 5% of the haploid genome (Ross et al., 2005) . The eutherian X is well conserved in size, gene order and gene content between even the most distantly related eutherian species (Delgado et al., 2009) . However, rearrangements have been detected between some eutherian sex chromosomes (reviewed in Wilson and Makova, 2009 ).
The X chromosome is not devoted to femaleness. The human X encodes a mixture of widely expressed housekeeping genes, as well as genes that have specialized functions such as visual pigments and blood clotting factors. However, there is an elevated frequency (compared with the autosomes) of genes with sex and reproduction-related functions (Saifi and Chandra, 1999) . It was suggested that the accumulation of male advantage genes on the human X chromosome is the result of rapid selection in the hemizygous male (Rice, 1987) . A new recessive allele will be expressed in males (since there is only one copy), and if it has an advantageous function in the sperm or gonad, it will be immediately selected for. This selection process will occur regardless of the function in females since there will be no phenotypic effect on the heterozygous females, and the proportion of homozygous females will be negligible (reviewed in Graves, 2006) . 
Y1Y2Y3Y4Y5
Figure 2 Vertebrate relationships with estimated divergence dates (branch lengths not to scale). The sex chromosome systems observed in each lineage are shown (TSD¼temperature-dependent sex determination). Orthology of sex chromosomes and autosomes is represented by different colours for representative mammals and birds. The orange regions represent an original ZW system in amniotes that has been retained on sex chromosomes in birds, a gekko and monotremes, or independently selected for sex chromosome function in these lineages. The green region became X and Y chromosomes only recently in therian mammals (marsupials and eutherians). The black region remains autosomal, except for eutherian mammals, in which it was added to the X and Y. A full color version of this figure is available at the Heredity journal online.
The X chromosome is also enriched in intelligence-related genes, mutations in which result in various X-linked mental retardation syndromes (Zechner et al., 2001) . This bias was hypothesized to be the result of sexual selection, with smarter males being selected by females, either because of their superior ability to care for young or because intelligence, being an expensive trait (like peacocks' tails), is an indicator of superior genes (reviewed in Graves et al., 2002) . Interestingly, many of the genes involved in mental retardation syndromes are also sex and reproduction-related genes, and thus have been dubbed 'brains and balls' genes (for a full review on the brains and balls hypothesis we refer readers to Graves et al. (2002) ).
In contrast to the X, the human Y chromosome is small (B60 Mb), gene poor and largely heterochromatic. The male-specific region of the Y bears 156 transcription units, which includes 78 protein coding units. Many of these are amplified, so they collectively code for only 27 distinct proteins (Skaletsky et al., 2003) . Of these 27 genes, 20 have partners on the X from which they evolved (Waters et al., 2007) . All that remains of once extensive homology with the X are the X/Y shared genes, and two small terminal pseudoautosomal regions, the larger of which is critical for proper pairing and segregation at male meiosis. Unlike the X, there is considerable variation of Y structure and gene content between eutherian species, due to independent degradation in different lineages, which has resulted in different but overlapping subsets of genes on the Y (reviewed in Graves, 2006) .
Marsupial sex chromosomes
The basic marsupial X chromosome is smaller than the eutherian X chromosome, representing only 3% of the haploid genome. The opossum (Monodelphis domestica) X is estimated to be 80 Mb and contains at least 442 protein-coding genes (Hubbard et al., 2009) . The marsupial X shares extensive homology with the long arm and proximal short arm of the human X (Graves, 1995) , which defines an ancient X conserved region (Figure 2 ). The marsupial X is smaller than the eutherian X because the remainder of the region homologous to human Xp is located on an autosome (Wilcox et al., 1996) (Figure 2 ). In all other vertebrates, orthologues of this autosomal block are also separate from orthologues of the X conserved region, so it represents a single fusion to the eutherian X after the marsupial/ eutherian split (148 MYA), but before the eutherian radiation (105 MYA). This region of the eutherian X chromosome was called the X added region (Graves, 1995) . The newly added region was also added to the eutherian Y, and was subjected to the same forces that caused degradation of the original proto-Y, as such the eutherian Y also consists of conserved and added regions (YCR and YAR) (Graves, 1995) .
The Y chromosome of a model marsupial (tammar wallaby, Macropus eugenii) bears at least 10 genes (PD Waters, personal communication; reviewed in Waters et al., 2007) , each with a partner on the X. All of these genes were retained from the original proto-Y, and orthologues were also detected on the Tasmanian devil Y (Sarcophilus harrisii, a distantly related Australian marsupial), defining a core set of 10 ancient genes on the Australian marsupial Y (PD Waters, personal communication). Thus, the marsupial YCR retains more ancient Y genes than the human YCR, which includes only four genes (SRY, RBMY, KDM5D and RSP4Y). Indeed, most human male-specific region of the Y genes are relics from the recent autosomal addition (YAR) (Waters et al., 2001) . It is conceivable that the acquisition of the YAR permitted loss of all but the four YCR genes in human, assuming that YAR contained genes with functional redundancies that permitted pervasive YCR gene loss.
Intriguingly, the eutherian X homologues of all 10 Australian marsupial X-Y shared genes are implicated in human brain/ central nervous system function, and all but four are implicated in human and/or mouse male reproduction. This implies that there was preferential retention, on the marsupial Y, of genes with 'brains and balls' function, although these functions were likely to have been specialized or altered. This contrasts sharply with the 15 genes retained on the added region of the human Y chromosome, of which only one has an X homologue associated with X-linked mental retardation.
Mammalian sex chromosomes: prototheria Monotreme mammals are represented by the platypus and four species of echidna. The platypus genome is smaller than that of therian mammals, comprising six large and many small chromosomes, which are reminiscent of reptilian macro-and micro-chromosomes (Warren et al., 2008) . Their phylogenetic position (Figure 2 ) makes monotremes an out-group for all other mammals; hence, studying the platypus sex chromosome system could provide insight into sex determination and DC in therian mammals .
There are 10 unpaired chromosomes in the male platypus, which form a translocation chain at meiosis held together by chiasmata between homologous regions. In females, five of these chromosomes are absent and the remaining five are present in duplicate. Thus, the sex chromosomes of males were described as X 1 Y 1 X 2 Y 2 X 3 Y 3 X 4 Y 4 X 5 Y 5 , and in females as X 1 X 1 X 2 X 2 X 3 X 3 X 4 X 4 X 5 X 5 (Grützner et al., 2004; Rens et al., 2004) . The echidna has an equally complex sex chromosome system, and it was shown that the sex chromosomes of the platypus and echidna share homology but are not identical; the echidna has five X and four Y chromosomes, sharing seven with the platypus. In the echidna, an autosome replaces one of the platypus X chromosomes, and the X 5 homologue in echidna has a central position in the chain instead of being at the end, as in platypus (Dohm et al., 2007; Rens et al., 2007) .
The completion of the platypus genome sequence and the availability of bacterial artificial chromosome clones with identifiable gene content (Warren et al., 2008) permitted more detailed studies of the platypus sex chromosomes. Surprisingly, it was found that none of the platypus X chromosomes share homology with the therian X chromosome (Veyrunes et al., 2008) . Instead, the conserved region of the therian X chromosome is homologous to platypus chromosome 6 (Veyrunes et al., 2008) , whereas the added region of the eutherian sex chromosomes is orthologous to parts of chromosomes 15q and 18p (Veyrunes et al., 2008) (Figure 2 ). The observation that therian X chromosome is represented by an autosome in monotremes unambiguously dates the origin of the therian sex chromsomes to after the divergence of monotermes from therians (166 MYA), but before the therian radiation (148 MYA).
Surprisingly, it was observed that the platypus X 5 is largely homologous to the chicken Z, with chicken Z orthologues also detected on X 3 q, X 2 p and X 1 p/Y 1 q Veyrunes et al., 2008) (Figure 2) . DMRT1, the putative sex-determining gene in birds (Smith et al., 2009) , is located on platypus chromosome X 5 (Grützner et al., 2004) , but it is doubtful that it could be a sex-determining gene in platypus, because it is present in two copies in female and single copy in males, which is opposite to its dosage in chicken (two copies in males). Accordingly, the platypus sex-determining gene remains unknown (Grafodatskaya et al., 2007) .
Sex chromosomes of birds, snakes and lizards
Although the XY pair of therian mammals and the ZW pair of birds are superficially similar, comparative gene mapping showed that they are non-homologous (Kohn et al., 2004; Matsubara et al., 2006) . The chicken Z chromosome shares homology with human chromosomes 5, 9 and 18, and the human X shares homology with chicken chromosomes 4 and 1 (Nanda et al., 1999 (Nanda et al., , 2002 .
The avian Z chromosome is similar in size, morphology and Gband pattern across most families of birds, and chromosome painting reveals molecular homology (Shetty et al., 1999) . In contrast, the W chromosome differs between the distantly related ratites (large flightless birds, for example, emu) and carinates (for example, chicken). Carinate Z and W chromosomes are highly differentiated, with a small and heterochromatic W chromosome, whereas the ratite W chromosome is almost indistinguishable from the Z chromosome and lacks heterochromatin, indicating an early stage of sex chromosome differentiation (Graves and Shetty, 2001) .
Like the birds, snakes have a ZW system in which the Z chromosome is similar in size across species, but the W ranges from homomorphy to highly differentiated, an observation that led Ohno (1967) to his hypothesis that they represent different stages of W degradation. The snake ZW pair is superficially similar to the bird ZW, but recent gene mapping demonstrated that the bird and snake Zs were nonhomologous (Matsubara et al., 2006) , perhaps differing by a single reciprocal translocation and sharing repetitive sequences (O'Meally et al., 2010).
Some lizards have ZZ/ZW female heterogametic systems (which differ between species), whereas others have XX/XY male heterogametic systems (also different between species). Many reptiles, alligators and turtles lack sex chromosomes, and determine sex by the temperature at which the eggs are incubated (temperature-dependent sex determination). Some reptiles blur the line completely, with genetic sex determination that can be reversed at temperature extremes. For example, the Australian central bearded dragon has differentiated Z and W chromosomes (ZZ male, ZW female). However, ZZ undifferentiated eggs follow a female developmental pathway at high incubation temperatures; thus, temperature over-rides genetic male differentiation (Quinn et al., 2007) .
The homology of the chicken ZW pair to autosomes in snakes and turtles leaves open the question of which state was ancestral to the reptile-bird clade. Of considerable interest is a gecko species (Gekko hokouensis) with a ZW system that shares homology with the bird ZW system (Kawai et al., 2009) . Thus, there are at least three sex chromosome systems, in distantly related vertebrate groups (monotremes, birds and geckos), which share extensive homology. This raises the possibility that there was a sex chromosome system in the amniote ancestor that was largely equivalent to the orthologous regions shared by extant monotreme, bird and gecko sex chromosomes. This ancient ZW system was supplanted by new systems in therian mammals, snakes and many other reptiles (reviewed in Waters and Marshall Graves, 2009 ). However, the G. hokouensis sex chromosome system is most likely to have been evolved recently (Pokorna et al., 2011) , supporting an alternative hypothesis that the original autosome pair from which the monotreme, bird and gecko sex chromosomes derived might have been chosen independently several times because they are intrinsically suitable to function as sex chromosomes (Graves and Peichel, 2010) .
REGULATING SEX CHROMOSOME GENE DOSAGE The many independently evolved vertebrate sex chromosome systems each raise the problem of dosage difference of X-or Z-borne genes between the sexes. The universal necessity for DC seems apparent from the independently evolved mechanisms in mammals through to fruit flies and worms.
Eutherian XCI XCI represents transcriptional repression of one X in female somatic cells (Graves and Gartler, 1986) enforced by chromatin changes. Early chromatin changes include the loss of histone modifications associated with transcription, and gain of specific repressive modifications (reviewed in Heard, 2005) . Exactly how these marks are recruited is not fully understood, but it is controlled by a master locus called the X inactivation centre (Okamoto and Heard, 2009) . Within the X inactivation centre there are several genes that code for long noncoding RNAs (Erwin and Lee, 2009) . The most important is XIST (Xinactive-specific transcript), which codes for a large untranslated RNA. In mouse, XIST is transcribed exclusively from the future inactive X (Xi), and spreads in cis from the X inactivation centre to coat the whole X, triggering silencing (reviewed in Okamoto and Heard, 2009 ). However, in humans XIST upregulation at the blastomere stage precedes XCI, implying that the choice of which X becomes inactivated occurs downstream of XIST upregulation (Okamoto et al., 2011) .
Further stabilization of the inactive state occurs with additional layers of chromatin modifications (Chaumeil et al., 2002) , including association of the Xi with macroH2A and DNA methylation at CpG islands (reviewed in Okamoto and Heard, 2009) . These modifications form a multilayered silencing complex that maintains transcriptional repression of the Xi (Chow and Heard, 2009) , and could play a role in the stabilization and somatic heritability of the inactive state (Kohlmaier et al., 2004) . The epigenetic signature established on facultative heterochromatin of the Xi is different to that of constitutive heterochromatin (Beck et al., 2011) .
Marsupial XCI
As for the human and mouse X, the marsupial Xi replicates late in the S phase (Graves, 1967) . However, marsupial XCI appears to be incomplete, tissue specific (reviewed in Cooper et al., 1993) and less stable (Kaslow and Migeon, 1987) , and Barr body formation is inconsistent between tissues and species (McKay et al., 1987) . A striking difference between marsupial and eutherian XCI is that there is no evidence for an X inactivation centre in marsupials, and no XIST gene. It appears that XIST evolved in the eutherian ancestor, possibly from an ancient protein-coding gene (reviewed in Romito and Rougeulle, 2011) .
Until recently, little was known about epigenetic modifications associated with the Xi in marsupial mammals. Differential acetylation had been observed on the X chromosomes in female tammar wallaby (Wakefield et al., 1997) , as was enrichment of an active histone methylation mark (presumably on the active X) (Wakefield et al., 1997; Koina et al., 2009) , and no differential DNA methylation differences were detected (Piper et al., 1993; Loebel and Johnston, 1996) . However, interesting observations have come from several recent studies of representative Australian and American marsupials, using immunofluorescence to examine histone marks that are associated with XCI in human and mouse. The inactive marsupial X lost epigenetic modifications associated with transcription during interphase (Chaumeil et al., 2011) and metaphase (Koina et al., 2009; Rens et al., 2010) , and the nuclear territory that harbours Xi was devoid of RNA Pol II (Chaumeil et al., 2011) . These observations established that the marsupial Xi is situated in a transcriptionally inert nuclear compartment, as it is in eutherian mammals.
The pattern of inactive marks on the marsupial Xi was strikingly different from that associated with the eutherian mammal Xi. Some modifications were completely absent from the marsupial Xi (Koina et al., 2009; Chaumeil et al., 2011) , whereas others were restricted to specific windows of the cell cycle (Chaumeil et al., 2011) . Of considerable surprise was the accumulation of marks on Xi that are associated with pericentromeric heterochromatin (Mahadevaiah et al., 2009; Rens et al., 2010; Chaumeil et al., 2011; Zakharova et al., 2011) . Thus, it seems that the marsupial Xi bears an epigenetic signature similar to that of pericentromeric heterochromatin, and is unlike the XIST-associated facultative heterochromatin in eutherians. Chaumeil et al. (2011) hypothesized that marsupial XCI represents an ancient DC system that was exapted from neighbouring constitutive heterochromatin, to which layers of molecular complexities were subsequently added in eutherian mammals. These epigenetic differences might account for the incomplete and locus-specific inactivation observed on the marsupial X. It is observed that transcription from loci on the Xi is partial, never 100% monoallelic (inactivated) or 100% biallelic (escapee). Rather, there is a locus-specific probability that a gene on the Xi will be transcribed (Al Nadaf et al., 2010) . DC in monotremes, birds and snake/lizard Perhaps, then, complete DC between sexes, such as therian mammal XCI (where global X expression ratios are 1:1 between the sexes), is a recent evolutionary sophistication, and incomplete DC is more widespread in amniotes, and therefore ancient. Consequently, it is of great interest to study DC in birds and monotremes.
In platypus, asynchronous replication of loci on X-specific regions of X 1 , X 3 and X 5 (compared with autosomal loci) was observed, although cytologically different condensation was observed only for homologues on X 3 (Ho et al., 2009) . The percentage of cells with asynchronous replication was lower than that observed for the mouse X, suggesting partial DC. Consistent with this was RNA-in situ hybridization, which indicated that some X-specific genes were compensated by regulating the probability that they are either mono-or bi-allelically transcribed (Deakin et al., 2008) . This is similar to the more recent observations in marsupials (Al Nadaf et al., 2010) , although the sex chromosomes are not homologous.
It is currently unknown which epigenetic changes are associated with the partial X inactivation system in platypus. Rens et al. (2010) observed no differences in staining on metaphase chromosomes for active modifications (H4K8ac, H4K16ac, H3K9ac and H2AK5ac) on X 1 and X 5 ; however, region-specific hyperacetylation for all chromosomes corresponded to R-banded regions of euchromatin. In addition, all sex chromosomes and autosomes were equally stained for repressive modifications (H3K27me3, H3K9me3, H4K20me3 and HP1a). Thus, the data collected so far indicate that epigenetic modifications associated with therian XCI do not appear to be involved in monotreme DC.
Early allozyme work (Baverstock et al., 1982) revealed no DC for three genes on the chicken Z. However, microarray expression analysis in chicken (Ellegren et al., 2007; Itoh et al., 2007; Melamed and Arnold, 2007) and zebra finch (Itoh et al., 2007) , and RNA-seq analysis in crow (Wolf and Byrk, 2011) estimate male-to-female (M:F) expression ratios of Z genes to be between 1.2 and 1.6. Melamed and Arnold (2007) provided evidence for regional differences in Z chromosome DC, with significantly higher M:F ratios on Zq than Zp. When a running average curve was constructed, a broad peak of high ratios was observed towards distal Zq (non-compensated genes), and a 'valley' of low ratios was observed 25-35 Mb from the telomere on Zp (compensated genes) that correlated with a hypermethylated region of the Z in males. However, these regional patterns were not observed in zebra finch (Itoh et al., 2010) . Using fold-change and amplitude analysis to assess neighbourhoods of DC on the chicken Z, Mank and Ellegren (2009) argued that the dip in M:F ratios 28 Mb from Zpter was not a region of DC, but rather a region that contained two genes with a strong female bias. There was no dip in the amplitude (which would have approached zero if DC were equalizing Z dosage), and removing the two female-biased genes from the fold-change analysis resulted in a fold-change that was statistically identical to that of the remainder of the Z chromosome. They concluded that there are no regions of DC on the chicken Z, but rather Z genes are regulated on an individual gene-by-gene basis independently in different tissues and at different developmental time points (Mank and Ellegren, 2009) .
Almost nothing is known about DC, or its distribution, in reptiles. Early studies of replication timing in different snake families revealed no asynchronous replication of the Z chromosomes in males (Bianchi et al., 1969) . Allozyme studies of FH in snakes indicated that this locus was on the Z, and the similar staining intensity of FH products in extracts from males and females (King and Lawson, 1996) suggested some form of DC. However, some of the most basic questions are still to be answered. Do reptiles have an incomplete bird-like compensation system? Is there stochastic inactivation of one allele in some nuclei and not others, as is the case for platypus and tammar wallaby? Of particular interest would be DC in G. hokouensis, which shares sex chromosome homology birds and monotremes.
DOES DOSAGE INSENSITIVITY PREDISPOSE AN AUTOSOME TO EVOLVE SEX CHROMOSOME FUNCTION?
A survey of sex chromosomes in tetrapods has revealed instances of sex chromosome homology between distantly related groups, and posed the question of whether this homology represents identity by descent or the independent evolution of sex chromosomes from the same autosome (Graves and Peichel, 2010) . At least in some fish lineages, the conclusion seems inescapable that certain autosomes repeatedly evolved as sex chromosomes in different lineages. Are these autosomes particularly good at being sex chromosomes? What properties do they share?
The apparently less stringent DC systems in platypus and chicken suggest that DC is not as critical to life as previously thought, and that dosage differences on a global scale are better tolerated on the bird Z chromosome and platypus X chromosomes than on the therian X chromosome. Indeed, the question of whether we have given undue importance to DC has been raised (Mank et al., 2011) .
In humans XXX and XXY aneuploidy is tolerated, but probably only because in both cases just one X chromosome remains active (Ohno, 1969) . The additional dosage in XXX females of the 150 escapee genes must not, therefore, be phenotypically damaging. In contrast, XO (Turner's) individuals have a more severe phenotype that must result from haploinsufficiency of the few genes shared with the Y. In fact, 495% of XO foetuses rapidly abort, and there is suggestion that all surviving XO individuals begin as mosaics. This, along with the relatively tight X-chromosome inactivation system observed in eutherian mammals, suggests that there are many genes on the therian X chromosome that require strict DC.
In chickens, triploids that are either ZZZ (phenotypically normal males) or ZZW (phenotypically female birds until sexual maturity, when they adopt a masculinized phenotype) can be obtained (Thorne and Sheldon, 1993) . In contrast, diploid ZO or ZZW chickens are never observed, suggesting that these genotypes are embryonic lethal (Graves, 2003) , and that correct dose of the Z is important. However, this dosage sensitivity may be due to regionally dosage compensated genes in the male hypomethylated region of the Z, and dosage imbalance might be less important for the majority of genes on other regions of the chicken Z, obviating the need for global DC.
The absence of a requirement for a tight global DC system (in response to the loss of gene function on the sex-specific chromosome) might be what predisposes a pair of autosomes to being intrinsically good candidates for sex chromosomes, such that the same pair became sex chromosomes in birds, in G. hokouensis and monotremes. Interestingly, chromosome 9, which is orthologous to large parts of the chicken Z, is highly structurally polymorphic in humans (Humphray et al., 2004) . Trisomies of human 9p (Wilson et al., 1985) , and monosomies of 5q and 18q (which all share homology with the chicken Z), survive to birth (Nusbaum et al., 2005; Boultwood et al., 2010) . Moreover, the snake Z chromosome is known to share homology with human 3p21-p24, 7p14-p15, 10p11-p15 and 17q21-q24 (Matsubara et al., 2006) . Monosomy of at least parts of these regions also survive to birth, albeit with phenotypes of varying severity (Wieczorek et al., 1997; Schwarzbraun et al., 2006; Barber, 2008; Puusepp et al., 2009; Lindstrand et al., 2010) . This suggests that dosage imbalance from the autosome pair that became the chicken Z, and the autosome pair that became the snake Z, is somewhat tolerable in amniotes.
Perhaps, then, the tight dosage control of the therian X chromosome requires a special explanation. What genes on the therian X might be more sensitive to dosage imbalances? The bias towards retention of X-linked mental retardation/sex and reproduction-related ('brains and balls') genes on the ancient YCR may provide an explanation.
When the proto-Y first acquired a testis-determining factor, there would have been no system of DC (see Figure 1) . As the Y degenerated, the X inactivation system developed and spread as genes that had lost their Y partner were progressively recruited. There appears to be a lag between loss of the Y allele and inactivation of the X allele, as evidenced by recently unpartnered human X genes like UBE1X and STS, which remain exempt from inactivation (Carrel et al., 1999; Graves, 2006) . We hypothesize that 'brains and balls' genes are less able to tolerate dosage imbalances than genes with functions in other tissues. These genes would, therefore, be retained on the Y for longer periods of time (to maintain dosage) than were other classes of genes, prolonging opportunity for recruitment into a male-specific function (Figure 1 ). Ultimate loss of brain function from the Y homologue would not have occurred until full DC of the X allele. These constraints of dosage imbalance were probably not as strict for dosagesensitive 'brains and balls' genes on the added region of the eutherian sex chromosomes because they could be quickly recruited into an established XCI system, permitting their rapid loss from the Y; this explains why there is no retention bias of genes that originally functioned in X-linked mental retardation/sex and reproduction on the YAR. Therefore, the evolution of a pair of autosomes into sex chromosomes, and their subsequent differentiation, could depend partially on whether or not dosage imbalance of the genes it contains can be tolerated, and the consequent requirement (or lack thereof) for the evolution of a global DC system. In the absence of an established DC mechanism, sensitivity of a gene to haploinsufficiency would result in retention of its homologue on the sex-specific chromosome for an extended period of time, during which it could be exapted into a sexspecific function.
This hypothesis makes predictions about the function of sex-linked genes in birds and reptiles. If the autosome pair that became the therian X required strict DC, we would expect monosomy of the orthologous region in chicken (chromosome 4p) to be lethal. And if global DC is not required for the autosome pair that became the chicken/gecko/platypus sex chromosomes, there should be no biased retention of dosage-sensitive genes on the W (in chicken and gecko) or Y (in monotremes) as a result of maintaining dosage between the sexes. Finally, should the autosome pair that became the snake Z also be relatively dosage insensitive, we would expect a partial DC system in snake similar to that observed for chicken.
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